We demonstrate here a new concept for a metal− molecule−semiconductor nanodevice employing Au and GaAs contacts that acts as a photodiode. Current−voltage traces for such junctions are recorded using a STM, and the "blinking" or "I(t)" method is used to record electrical behavior at the single-molecule level in the dark and under illumination, with both low and highly doped GaAs samples and with two different types of molecular bridge: nonconjugated pentanedithiol and the more conjugated 1,4-phenylene(dimethanethiol). Junctions with highly doped GaAs show poor rectification in the dark and a low photocurrent, while junctions with low doped GaAs show particularly high rectification ratios in the dark (>10 3 for a 1.5 V bias potential) and a high photocurrent in reverse bias. In low doped GaAs, the greater thickness of the depletion layer not only reduces the reverse bias leakage current, but also increases the volume that contributes to the photocurrent, an effect amplified by the point contact geometry of the junction. Furthermore, since photogenerated holes tunnel to the metal electrode assisted by the HOMO of the molecular bridge, the choice of the latter has a strong influence on both the steady state and transient metal−molecule−semiconductor photodiode response. The control of junction current via photogenerated charge carriers adds new functionality to single-molecule nanodevices.
T he use of single molecules (or nanoscale collections thereof) as active electronic components in a device has developed from a scientific curiosity to an important tool in the study of the fundamental quantum phenomena dominating charge transport at the nanoscale. Since the pioneering studies 15−20 years ago, 1−3 noble metals have been the most widely used contact electrode material for single-or few-molecule junctions, 4−6 mostly due to their behavior as simple ohmic resistors, their insensitivity to oxidation and tarnishing, and the availability of a large range of binding groups that give stable metal-molecule bonds. 7−9 However, nonmetallic electrodes are also of interest for single-molecule studies, 10, 11 and semiconducting electrodes 12−18 have the special advantage that both the molecular entity and the electrodes can be used to impart desired functionalities to the final electrode−molecule− electrode junction. For example, in a metal−molecule− semiconductor (MMS) junction, the semiconducting electrode can impart a rectifying (diode) behavior because charge carrier depletion at the junction allows a larger charge flow when the device is biased in one direction (forward bias) than the other (reverse bias). MMS diodes demonstrating a current response at the single-molecule level have been recently reported using GaAs 12 and Si 17 contacts. Simple rectifying behavior, however, is not the only effect that arises in a device with asymmetric (metal−semiconductor) electrodes. When the semiconductor is illuminated with electromagnetic radiation of appropriate wavelength, electrons are promoted to the conduction band and holes are generated in the valence band. Band bending at the junction separates the photogenerated carriers, which gives rise to a spontaneous photocurrent even when the device is not biased. Here we show that this photoelectric response can be exploited in single-molecule devices, opening a new channel through which they can react to an external stimulus. Not only do we measure the reverse bias photocurrent through a single molecule for the first time, but also we demonstrate a novel feature of this type of junction, namely that when a reverse bias is applied the photocurrent does not saturate as it would in a planar device. This is important because it enables the device sensitivity to be tuned via both the semiconductor doping density and the choice of molecule.
We recently reported a MMS device based on a gallium arsenide (GaAs) semiconducting electrode 12 and found that the rectification ratio (current in forward bias/current in reverse bias for a bias of fixed magnitude) is strongly influenced by the nature of the organic compound bridging the metal−semiconductor gap. Furthermore, we could detect single-molecule events in such devices. We focused on GaAs as semiconducting electrode because it is straightforward to build densely packed self-assembled monolayers (SAMs) on its unoxidized surface 19−21 and because it has a high electron mobility. It also has interesting optoelectronic properties arising from its direct bandgap, which result in more efficient photon absorption when compared to indirect bandgap semiconductors such as Si or Ge. These properties make GaAs an excellent candidate for single-molecule devices based on semiconductor technology. Our use of organic molecules to engineer the response of a nanoscale metal−semiconductor junction in the present work is distinct from the use of electromagnetic radiation to switch a single-molecule device between two states with different charge transport behavior. 16,22−26 The latter relies on the optical response of the molecule itself via light-induced isomerization of appropriate organic moieties whereas in our device, the photoresponse derives from the semiconductor. Hence, in our device, the photocurrent depends on the level of illumination, rather than being an ON−OFF effect, which could be an advantage for photosensing applications.
The initial focus of our investigation was the archetypal α,ωalkanedithiol system. We employed two different n-type <100> GaAs wafers: a highly doped (GaAs HD ) with 3 × 10 18 cm −3 Si dopant density or a lower doped (GaAs LD ) with 1.6 × 10 17 cm −3 Si density. We have previously described the technique employed to make and characterize MMS junctions. 12 In brief, a GaAs wafer is cut to a size suitable for the STM sample holder, painted on the back with GaIn eutectic, and then annealed for 90 min at 400°C in vacuum (∼10 −5 bar) to provide an ohmic contact. The wafer is then chemically etched and immediately immersed in a degassed ethanol solution containing the desired molecular wire at 1 mM concentration and 5% NH 4 OH (to avoid oxide layer regrowth). The sample is then incubated for 24 h under Ar atmosphere to allow for SAM formation. After this time, the sample is removed from solution, thoroughly rinsed with ethanol, dried under a stream of Ar, and placed on a Au slide with an additional layer of fresh GaIn eutectic painted to provide optimal contact. After the sample was mounted in the STM stage, a freshly cut Au tip was driven toward the substrate at a forward bias of −1.5 V (i. e., the ntype semiconductor at a negative potential of −1.5 V with respect to the tip) by increasing the set point current until single-molecule events 12, 17, 27 (junction formation/junction breakdown) could be observed in the time-dependent tunneling current traces (schematics of device structure in Figure 1 ). As discussed previously, under these conditions, the STM tip must be in contact with or slightly embedded in the monolayer, thus interacting with a small number of individual molecules. 12 The STM feedback loop was then disabled and we recorded I/V characteristics by sweeping the voltage from −1.5 to 1.5 V, at a rate of 3 V/s (bias applied to GaAs substrate). The results are presented in Figure 2 . We present data here as the average of 25 separate voltage ramps because singlemolecule bridge formation/rupture can be observed in individual traces (more details in the Supporting Information). The procedure was performed in the dark and under illumination, with a HeNe laser focused on the tip−substrate gap at grazing incidence.
A comparison of Figure 2a and b shows the critical role of the substrate doping density in determining both the rectification ratio in the absence of light and the photoresponse. 1,5-Pentanedithiol (PDT) on GaAs HD (called "PDT:GaAs HD ") behaves as a leaky Schottky diode (more details in our previous publication 12 ), with a low rectification ratio and large dark current at high reverse bias (1.5 V). Illumination produced very little effect on the I/V characteristics. PDT:GaAs LD , on the other hand, showed minimal dark current at a reverse bias of 1.5 V, with an associated rectification ratio of >10 3 . High rectification ratios were recently reported by Aragones et al., for MMS diodes incorporating Si with a low doping density, 17 and attributed to the thicker depletion layer (space charge region) in low doped semiconductors, giving a wider tunneling barrier that prevents electron transport from the metal up to the Schottky breakdown voltage. In the case of PDT:GaAs LD , we observe appreciable breakdown only at ∼5 V bias ( Figure S6 ).
The true shape of the space charge zone will be more complex, 28 but the essential physics can be understood by assuming a hemispherical geometry. As the bias potential is increased in reverse bias, the radius of the hemispherical space charge region increases ( Figure 3b ). It is the electric field in the space charge region that sweeps photogenerated holes to the molecular junction, while the photogenerated electrons are swept to the semiconductor bulk ( Figure 3a ). The radius of the 
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Letter laser spot is much larger (a few mm) than the radius of the space charge region. Hence, when the radius of the space charge region increases, the fraction of the illuminated area that contributes charge carriers to the photocurrent also increases and consequently so does the photocurrent. The absolute photocurrent value (at a given reverse bias) depends on the illumination intensity, but the distinctive increase in photocurrent with increasing reverse bias, characteristic of the molecular contact geometry, is observed independent of illumination intensity. Note that for a planar junction the illuminated area contributing to the photocurrent does not change in this way, so the photocurrent saturates. The "Hard Contact" GaAs HD junction, which was prepared by crashing the Au STM tip several μm into the semiconductor surface without a molecular layer, has a large diameter compared to the molecular junctions and shows a photoelectric response much closer to that expected for a planar junction (see Figure 2d ). Solving Poisson's equation for a hemispherical Schottky pointcontact 29 gives a space charge region with a radius a factor of 2.7-times smaller for GaAs HD than for GaAs LD (more details in the Supporting Information). This is the reason for the much higher photocurrent observed for the PDT:GaAs LD junction than PDT:GaAs HD .
Having established that GaAs LD is a better platform than GaAs HD for the study of photocurrent effects in MMS junctions, we tested the effect of substituting PDT with a more conjugated molecular wire. 1,4-Phenylene-(dimethanethiol) (1Ph1) on GaAs LD also showed high rectification ratios in the dark, though lower than PDT (>10 2 ), but an even higher photocurrent response upon laser illumination, with values larger than 10 nA at 1.5 V reverse bias. Both these results can be explained by the energy alignment between the frontier molecular orbitals and the metal Fermi level. In the case of PDT, DFT calculations position the HOMO at an energy about 2.5 eV below the Au Fermi level, 30 thus providing a high tunneling barrier. 1Ph1, due to its increased conjugation, has a lower HOMO−LUMO gap, and the HOMO orbital lies much closer to the Au Fermi level, only about 0.8 eV below its energy. 31 Since the HOMO is closer to the Au Fermi level in the case of 1Ph1, this reduces the tunneling barrier height for photogenerated holes and thereby increases the tunneling current. Note that the sulfur−sulfur distances in 1Ph1 and PDT are very similar (0.8 nm, calculated using Spartan software from Wavefunction, Inc.) so that although they have different tunnel barrier heights, they have approximately the same tunneling distance. As discussed in detail in our previous publication, 12 the reason for the higher dark current and therefore lower rectification ration for 1Ph1 is that the energy barrier for electrons tunneling from the metal to the semiconductor conduction band via the LUMO is lower than for PDT.
To characterize the photocurrent response further, with the feedback loop disabled and the tip in shallow contact with the monolayer, we used an optical chopper to alternate the junction between dark and illuminated conditions and obtained timedependent reverse bias photocurrent traces (Figure 4 ). While molecular junctions on GaAs HD show a simple square-wave response with an amplitude of only about 100 pA, the same measurement on GaAs LD results in a sudden increase in current upon illumination, followed by a decay to the steady-state value observed in the I/V characteristics obtained under constant illumination. In GaAs, carrier recombination occurs on the ns time scale, 32−34 and therefore, the transient effect we observe here cannot be attributed to this phenomenon, as the decay time is in the ms regime. However, it could be due to hole trapping since photogenerated holes can be trapped at surface states 35, 36 with much longer lifetimes. Holes trapped in surface states will increase the positive charge at the surface and therefore reduce the band bending. Since reduced band bending means that the radius of the space charge region is smaller, hole trapping also reduces the area that contributes charge carriers to the photocurrent, so the photocurrent decreases until a steady state is reached (more details in the Supporting Information). As can be observed in Figure 4 , the transient effect for PDT is more pronounced than for 1Ph1. We attribute this to the presence of the frontier orbital of the molecular wire, which allows trapped holes to escape to the Au electrode, reducing the charge build-up. The energy level alignment is more efficient in the case of 1Ph1 than for PDT, resulting in the decreased transient effect of the former and its faster approach to the steady state value. As expected, transient effects become less strong with increasing chopping frequency, as less time is given for discharge after illumination is turned OFF, so the surface remains more positive. The effect is also observable only on GaAs LD because the space charge region is much larger than in GaAs HD , so the effect of a change in band bending induced by holes accumulated at the surface on the 
Letter volume in which the photocurrent is generated can be much larger.
Having established the basic behavior of a MMS nanodevice, we then proceeded to the characterization of the contribution of a single molecule to the overall current transported. Data presented in the preceding sections are taken under conditions where the STM tip is interacting with an undefined (albeit small) number of molecules. To characterize single-molecule junctions, we employed the "blinking" or "I(t)" approach, 27 where the current is monitored as a function of time with the feedback loop disabled, and we observed the stochastic formation and rupture of single-molecule bridges in the device. This process is described in detail in a previous publication 12 and briefly in the Methods section. PDT on GaAs LD in forward bias resulted in frequent current jumps (Figure 5a ), albeit noisier than the results obtained on GaAs HD . 12 We collected traces over a long period of time, showing such single-molecule events, that were subsequently sliced at the beginning and end of each current jump. The results were compiled in histograms and density maps to visualize the magnitude of the current jumps and the stability over time of the single-molecule junctions. In forward bias conditions (−1.5 V), this procedure gave data that could be compiled in a histogram with a clear peak at 1.05 nA, with stable junctions lasting longer than 500 ms (Figure 5b ). In the dark under reverse bias conditions (+1.5 V), no significant jumps could be detected in the current versus time traces (Figure 5c ), and the current flow through the device was very small (dark current of ∼4 pA). However, when the junction was illuminated, sudden current jumps could be observed again over time. Compiling the current versus time traces in a statistical histogram resulted in a main peak at 0.38 nA, with junctions of similar temporal stability to those observed in the dark (Figure 5f) . The difference in magnitude of the current jumps under forward and reverse bias conditions is not surprising because the current through the molecule depends on how much of the potential drop across the junction (the bias) is applied across the molecule and how much across the space charge zone of the semiconductor. There is no reason to assume that this distribution would be the same in forward and reverse bias, as it will be affected by factors such as the hole trapping previously discussed.
In conclusion, we demonstrate here a metal−molecule− semiconductor nanodevice, with Au and GaAs contacts, that acts as a photodiode. Using GaAs with lower doping density, we greatly reduce the dark current and increase the photocurrent in reverse bias. The choice of molecular wire tethering the metal and the semiconductor also plays an important role in the overall charge transport across the device upon illumination, with the energy gaps between the Fermi level and the frontier molecular orbitals being a major factor in determining the photocurrent magnitude. We propose a mechanism of charge transport for the illuminated reversebiased junction, where photogenerated holes tunnel to the metal assisted by a molecular orbital (the HOMO). The nonplanar geometry of the space charge layer results in a photocurrent that does not plateau like a planar junction and also explains why decreasing the doping density gives such a large increase in photocurrent. Single-molecule transport was analyzed statistically, with the main result being that molecular contributions to the overall current across the reverse-biased junction could only be observed under illumination. In reverse bias conditions, the absence of current jumps in the absence of illumination and the very low dark current value provided by GaAs LD ensure that only photogenerated charge carriers can be transported across the junction. As the charge carriers could be spin-polarized by illuminating GaAs with circularly polarized light, our work paves the way to single-molecule photospintronics.
Methods. Chemicals. PDT, GaIn eutectic, and NH 4 OH 30% aqueous solution were purchased from Sigma-Aldrich. 1Ph1 was purchased from TCI UK. Solvents and HCl 37% were purchased from Thermo Fisher Scientific. All chemicals were used without further purification.
Sample Preparation. In a typical experiment, an ohmic contact (GaIn eutectic) is painted with a small brush on the back of the GaAs slide (GaAs HD : Si-doped, n-type, < 100> ± 0.05°, carrier concentration 3 × 10 18 cm −3 ; GaAs LD : Si-doped, n-type, < 100> ± 0.03°, carrier concentration 1.5−1.7 × 10 17 cm −3 ; both from Wafer Technology Ltd.) and then annealed at 400°C in vacuum (∼10 −5 bar) for 90 min. The wafer is then chemically etched in concentrated ammonia to remove the 
Letter native oxides for 5 min, rinsed with ultrapure Milli-Q Type 1 water and absolute ethanol, and immediately immersed in a degassed ethanol solution containing 1 mM of the desired molecular wire and 5% concentrated ammonia solution (to avoid oxide layer regrowth). Samples were incubated under Ar atmosphere for 24 h, removed from solution, copiously rinsed with ethanol, dried under a stream of Ar, and placed on a Au substrate (gold-on-glass, Arrandee), with an additional layer of fresh GaIn eutectic painted to provide optimal contact (schematics of device structure in Figure 1 ). STM Measurements. An STM (Keysight Technology 5500 SPM) equipped with an electrochemically etched Au tip (ethanol:HCl 37%, 1:1, 2.5 V) was used to fabricate and characterize the MMS devices presented in this study. The sample was mounted on the STM stage, and the gold tip was advanced toward the substrate in forward bias (substrate at −1.5 V relative to the tip) conditions by increasing the set point current until sudden jumps were observed in the current signal. These jumps have been related to a change in charge transport from tunneling through air to tunneling through the molecular backbone. 17,37−39 Once the tip was in contact with the monolayer, we recorded I/V characteristics by sweeping the bias between −1.5 and +1.5 V at 3 V/s, both in the dark and under laser (Toshiba LHG-3220 3 mW He−Ne tube, 632.8 nm) illumination. We employed a linear preamp (10 nA/V) for the characterization of junctions with molecular bridges and a logarithmic preamp for the Au:GaAs LD "hard contact". Data presented in the manuscript are the average of 25 curves, obtained from different positions on the substrates. Singlemolecule junction formation/rupture events could be observed in individual I/V characteristics, and examples of such events can be found in the Supporting Information. The feedback loop was then disabled with the tip engaged, the bias reversed to +1.5 V, and current versus time traces were recorded while the laser beam was interrupted with a rotating disc optical chopper (Bentham Instruments 218 variable frequency optical chopper). To minimize the effect of junction formation/rupture, we recorded these data at a slightly (100−200 pA) higher set point, with the tip therefore more embedded in the molecular monolayer. Examples of traces showing single-molecule events during the recording of such traces are presented in the Supporting Information. After recording each trace, we returned to forward bias, and the feedback loop was re-engaged to minimize drift. For single-molecule transport studies, the tip was re-engaged to the monolayer in forward bias at the lowest set point that yielded current jumps. With the feedback loop disabled, we recorded current traces in forward bias before the bias was reversed to record the corresponding current traces in dark conditions and under illumination. Current jumps were monitored this way over several hours and processed using software written in Python, which has been described previously. 12 In brief, the background set point current was automatically determined and then subtracted from the raw current versus time traces. Individual traces were then sliced into segments by locating jumps between the different current levels using features in the differential of the current (dI/dt). These slices were afterward compiled into current histograms and current versus time density plots. 
